Study of HgBa2Cu04+5 by Angle- Resolved Photoemission Spectroscopy 
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We present the first angle-resolved photoemission measurement on the single-layer Hg-based 
cuprate, HgBa2Cu04+i (Hgl201). A quasi-particle peak in the spectrum and a kink in the band 
dispersion around the diagonal of the Brillouin zone are observed, whereas no structure is detected 
near the Brillouin zone boundary. To search for a material-dependent trend among hole-doped 
cuprates, including Hgl201, we use a tight-binding model to fit their Fermi surfaces. We find a 
positive correlation between the Tc, max and t' /t, consistent with theoretical predictions. 



PACS numbers; Valid PACS appear here 

Empirically, it is known that the maximum transi- 
tion temperature, Tc.max, varies strongly among differ- 
ent high- Tc superconducting compounds^. For example, 
the single-layer compounds, Bi2Sr2Cu06+5 (Bi2201) and 
La2-xSra,Cu04 (LSCO), have a Tc^max of --40 K, while 
HgBa2Cu04+d- (Hgl201) and Tl2Ba2Cu06+5 (T12201) 
have a Tc^max of 98 K and 93 K, respectively. This mate- 
rial dependence has been related to disorder and crystal 
structure^'^. The latter determines the hybridizations 
of the Cu orbitals with those of other elements, result- 
ing in different values of hopping integrals in the effec- 
tive single-band tight-binding Hamiltonian for distinct 
compounds^'^. However, experimental studies which 
directly address this material dependence of the band 
structure have not been extended to compounds with 
the highest Tc, max^'^, due to the lack of sufficiently 
large high-quality single crystals for the materials with 
higher Tc^max- Fortunately, through significantly im- 
proved crystal growth techniques, sizable single crys- 
tals of Hgl201 have recently become available^. Be- 
cause Hgl201 has the highest Tc, max among all single- 
layer cuprates^ and possesses a relatively simple tetrag- 
onal crystal structure^, it is an ideal system to comple- 
ment this material dependence issue. Until now, spec- 
troscopy studies on this system have been limited to 
angle-integrated photoemission^ or to a small momen- 
tum transfer region, such as Raman spectroscopy^*^; the 
momentum space properties of the electronic states, such 
as the band dispersions and the Fermi surface (FS), are 
not yet available. 

In this article, we report the first angle-resolved 
photoemission spectroscopy (ARPES) results on nearly 
optimally-doped Hgl201 crystals (Tc=96 K). With the 
unique ability of ARPES to resolve states in the 
momentum-energy space^"'^, we observed a single sheet of 
the Fermi surface and a kink in the dispersion along the 
diagonal of the zone (nodal direction) . Our analysis pro- 
vides an opportunity to examine two universal properties 
of the cuprates: (1) the positive correlation between the 
effective single-band parameter, t' /t, and Tc^max; (2) the 
existence of an energy scale related to the electron-boson 



coupling. 

Single crystals of Hgl201 were grown at Stanford 
University using a significantly improved melt-growth 
method^. Small pieces, with a typical size of 0.7x0.7x0.5 
mm'^, were selected for ARPES measurements. The crys- 
tals were polished and cleaned using a bromine solution 
(5% Br -t- 95% ethanol) until the surface was shiny. The 
crystals were then annealed at 300° C under oxygen flow; 
finally, nearly optimally-doped crystals with a Tc of 96 K 
and a transition width of less than 3 K were obtained, as 
shown in Fig. 1(b). The bromine treatment of the sur- 
face is applied again immediately before mounting the 
samples to reduce the surface contact resistance. A typi- 
cal four-fold symmetric Laue pattern of the [001] surface 
is shown in Fig. 1(c). 

The ARPES experiments were performed at beam- 
line 5-4 of the Stanford Synchrotron Radiation Labora- 
tory (SSRL) and beamline 10.0.1 of the Advanced Light 
Source (ALS) with SCIENTA SES200 and R4000 elec- 
tron analyzers, respectively. The energy resolution was 
set at 20-25 meV. We used 19 eV photons at the SSRL 
and 55 eV photons at the ALS to excite the electrons. 
The samples were oriented ex situ using Laue diffraction, 
then cleaved in situ and measured at a temperature of 
approximately 15K under ultra high vacuum at a pres- 
sure lower than 4 x 10^^^ Torr. Perhaps due to the ab- 
sence of a natural cleaving plane in the crystal structure 
(Fig. 1(a)), the cleaved surface of Hgl201 is generally 
rough, and the signal is weaker compared to the other 
most studied cuprates, such as Bi2212 and LSCO. How- 
ever, a LEED pattern can still be observed as shown in 
Fig. 1(d), suggesting that a portion of the surface layer 
still preserves good periodicity after cleaving. 

The grey scale intensity plot of the ARPES spectrum 
along the nodal direction is illustrated in Fig. 2(a), where 
a band dispersion can be observed. Corresponding en- 
ergy distribution curves (EDCs) are plotted in Fig. 2(c). 
A quasi-particle- like peak can be observed near the Fermi 
crossing point, kp (the thick curve in Fig. 2(c)) and 
rapidly fades into a step-like background. To better vi- 
sualize the band dispersion, the EDCs were first normal- 
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FIG. 1: (a) Crystal structure of Hgl201; (b) Zero field 
cooled magnetic moment curve of Hgl201; (c) Lane pattern 
of Hgl201 representing the [001] surface, the a-b plane; (d) 
LEED pattern of the cleaved surface. 
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FIG. 2: (a) Grey scale intensity plot of the raw ARPES spec- 
trum along (0,0)-(l,l) direction; (b) Spectrum with back- 
ground [illustrated in (d)] subtracted from (a). The MDC- 
derived band dispersion is illustrated by the solid curve; the 
kink is indicated by the black arrow. (c),(e) EDC stack plots 
of (a) and (b), respectively. Bars in (e) indicate the band 
dispersion in EDCs. (d) The EDC of the background selected 
at a position oi k ^ kp. (f) EDCs along the Fermi surface as 
illustrated in the inset. The thicker curves represent the raw 
data; the thinner curves illustrate the background removed 
data. 



ized between 500 meV and 520 meV below the Fermi 
energy; we then subtracted the normalized background 
(Fig. 2(d)). The background-removed spectra are shown 
in Fig. 2(b) and the corresponding EDCs arc displayed in 
Fig. 2(e). Moving away from nodal region toward the the 
antinodal region along Fermi surface, this quasi-particle 
peak diminishes, as illustrated in Fig. 2(f). Near the 
antinodal region, the EDCs primarily consist of a step- 
like background with no sharp quasi-particle-like peak in 
either the raw or the background subtracted EDCs. 

The appearance of this step-like background through- 
out the zone is likely an angle-integrated spectrum due to 
the roughness of the cleaved surface. We note that this 
background is gapped, with a spectral weight suppres- 
sion between —30 meV to Ej?. This is consistent with the 
angle-integrated photoemission spectrum reported on the 
same material^, suggesting a maximum superconducting 
gap size of approximately 30 meV or larger. 

The absence of a quasi-particle-like peak around the 
antinodal region is, however, puzzling. Since the Tc (96 
K) of our samples is comparable to the optimally-doped 
double-layer system Bi2212, a sharp peak with high in- 
tensity in the antinodal region as in Bi2212 is expected^^. 
This antinodal peak, if it exists, should not be washed 
out by the angle-integrated background, especially when 
a nodal quasi-particle peak is present. Therefore, we sus- 
pect that the absence of the antinodal peaks is either a 
result of broken crystal symmetry at the surface, or an in- 
trinsic feature of the nearly optimally-doped Hgl201. For 
the latter, we note that it might be similar to the case of 
LSCO in which there exists a dichotomy electronic states 



in the nodal region and antinodal region^^; the antinodal 
peak may emerge only at higher doping levels. A doping 
dependence study of Hgl201 will be necessary to clarify 
this issue. 

In Fig. 3, we show the FS of Hgl201, which was taken 
using 55 eV photons at the ALS. As expected, a single 
sheet of FS is observed. With our experimental setup, 
the spectral weight in the second and fourth quadrants 
is strongly suppressed due to the matrix element effect. 
The Fermi crossing points are determined by fitting the 
peak positions of momentum distribution curves (MDCs) 
near the Fermi energy, as shown in the inset of Fig. 3. 
The FS, illustrated by the solid symbols in Fig. 3, is 
extracted up to the antinodal region where the MDC 
peaks disappear. We note that by collecting data in 
symmetric quadrants on the same sample, the symme- 
try requirement of the FS enables us to determine the 
position of the Fermi crossing points more accurately. In 
particular, averaging three data sets taken on different 
samples at the ALS and SSRL, we determine the Fermi 
crossing point along the nodal direction, (A;„,fc„), to be 
kn = 0.374 ± 0.006, in units of it /a. 

Compared to other nearly optimally-doped cuprates, 
kn of Hgl201 is relatively small, close to that of materi- 
als with a higher Tc^max, as shown in Tabic I. The vari- 
ation in kn among nearly optimally-doped compounds, 
which presumably possess a similar doping level, suggests 
a difference of band structures for these systems. Setting 
aside strong correlations, such as the electron-electron in- 
teraction and renormalization effects from bosonic chan- 
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TABLE I: node position fe„, Tc, Tc,max, and t' ft obtained 
from the tight-binding analysis for various cuprates. Relevant 
references were also included. 



-1.0 0.0 

\ (jt/a) 

FIG. 3: Fermi surface of the Hgl201 generated by integrating 
the spectrum ±10meV with respect to Ef. The solid symbols 
represent the Fermi crossing points, kp, determined by the 
peak positions of the MDC near Ef. The open symbols are 
symmetrized from the solid symbols. The solid curve is the 
tight-binding FS as described in the text. The inset (I) shows 
the MDC around Ef along the dashed line. The inset (II) 
illustrates the Fermi crossing points collected from three sets 
of data which were taken at the SSRL and ALS. The fitted 
tight binding FS is also shown. 



nel (e.g. phonons and spin excitations), we use a tight- 
binding model to describe the Fermi surface. Including 
up to the second nearest-neighbor hopping term, the FS 
of the tight-binding model is given by 







y — 2 (cos + cos ky 



t' 

ky) + 4— cos kx cos ky, (1) 



where t and t' represent the nearest-neighbor and the 
second nearest-neighbor hopping integral on Cu-0 plane, 
respectively. Based on Eq. 1, wc then preform a least- 
square fit for the Fermi crossing points of various cuprates 
listed in Table I. The Fermi crossing points of each com- 
pound are collected from at least two sets of data, which 
are either published results (e.g. T12201 data) or the data 
from our own group. As an example, we show the Fermi 
crossing points of the Hgl201 system in the inset (II) of 
Fig. 3, which contains three data sets collected at the 
SSRL and ALS; the FS obtained from the tight-binding 
fit is also plotted. Finally, the ratio t'/t obtained from 
our analysis is summarized in Table I. 

To search for a material dependent trend, we plot t'/t 
versus the Tcmax of the corresponding compound in Fig. 
4; a positive correlation between the t'/t and the Tc, max 
is revealed. In the absence of FS data for optimally 
doped T12201, the values of t'/t obtained from the over- 
doped T12201 (Tc =20~30 K)^^'!^ was used to represent 
those of the corresponding optimally doped compoimds. 
We note that the accuracy of t'/t for T12201 compound 
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"For T12201. kn was obtained by digitizing the FS shown in the 
Ref."'^'*; others values were obtained directly from our group's data. 
'Obtained by fitting FS to the t - t' model. 

•^Obtained by fitting FS to the t — t' — t" model with the constrain 
t" = 0.5t'. 



should be verified, once data for optimally-doped crys- 
tals are available. We also tried to extend our tight- 
binding model to include the third nearest-neighbor hop- 
pingterm, — 2-Y(cos2fc2;+cos2fcj,). However, wc find that 
the fitting process does not converge very well; there ex- 
ist many possible sets of t'/t, t" /t, and n/t yielding good 
fits to the data. This is because the current FS data 
are not accurate enough to uniquely determine the fit- 
ting parameters. To avoid this difficulty, we set t" to 
its leading-order value, t'/2^, such that the fitting prcess 
is robust. The fitted t'/t is summarized in Table I and 
plottc;d in the inset (I) of Fig. 4; similarly, the positive 
correlation between T^max and t'/t is observed. 

This correlation is consistent with theoretical 
calculations^'^, although the correlation revealed from 
our analysis is less monotonic than that from the 
theory (inset (II) of Fig. 4). This is probably due to 
the limited accuracy of our analysis and the strong 
correlation effects, which are not captured by our 
analysis or band structure calculations. Nevertheless, 
the qualitative agreement between our analysis and the 
theories lends support to the theoretical proposal^'^ that 
the crystal-structure along the c— axis, especially the 
apical oxygen atom, can manifest itself in the effective 
single-band structure of the a — b plane. Furthermore, it 
has also been shown by the mean-field calculations for 
the t — J model that a higher t'/t ratio can enhance the 
stability of the superconducting pairs^^'^^. This is also 
consistent with the positive correlation between Tc. max 
and t'/t. We remark that the correlation observed here 
is probably only one factor of the material dependence 
of Tc^max, as there are other factors that could also affect 
Tc, max- For example, although LSCO possesses a lower 
values of Tc,max and t'/t, the competing orders in this 



c.max* 



system, such as stripes^^, could also suppress the Tc. 

Our data also confirm another universal property of 
the cuprates: the existence of an energy scale which is 
related to the electron-boson coupling. In Fig. 2(b), we 
superpose the MDC-derived band dispersion on the grey 
scale intensity plot of the spectrum. A kink in the dis- 
persion between 60 meV to 80 meV is observed. This 
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FIG. 4: Positive correlation between Tc,max and t' jt. Inset 
(I) is the results obtained from t — t' — t" model. Error bars 
are the 99% confidence interval of the fitted t'/t. Inset (II) 
is reproduced from Ref.^. The lines in the figures are guides- 
to-the eye, indicating the positive correlation between Tcmax 
and t'/t. 

feature has also been observed in other cuprates^°, sug- 
gesting that it is a universal feature in cuprates. This 
dispersion kink has recently attracted a lot of attention 
in the high Tc community and has been thought to be a 
signature of electrons coupled to some bosons, whose ori- 
gins are still strongly debated^'^'^^ . Possible candidates in 



the case of Hgl021 system include the follovi'ing modes: 
(1) the Aig 590 cm~^ phonon mode observed in the Ra- 
man spectrum, which shows a superconductivity-induced 
anomaly^"; (2) the bond stretching phonon, which shows 
an unusual softening at a similar energy^^; (3) a mode of 
magnetic origin^^. More detailed studies arc needed to 
identify the origin of the bosonic mode(s) in Hgl201. 

In conclusion, we report the first ARPES results of the 
nearly optimally-doped Hgl201 crystals. A tight-binding 
analysis on the FS of various optimally-doped cuprates 
is also illustrated, which suggests a positive correlation 
between t'/t and the Tc, max- However, a more complete 
analysis, which takes the strong correlation effects into 
account, is necessary to gain deeper insight into the ma- 
terial dependence issue. Regarding the universality of 
the electron-boson coupling in cuprates, further studies 
covering a broader range of materials and doping levels 
are required for a comprehensive understanding. 
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